Large-conductance voltage-and calcium-dependent potassium channels (BK, "Big K+") are important controllers of cell excitability. In the BK channel, a large C-terminal intracellular region containing a "gating-ring" structure has been proposed to transduce Ca 2+ binding into channel opening. Using patch-clamp fluorometry, we have investigated the calcium and voltage dependence of conformational changes of the gating-ring region of BK channels, while simultaneously monitoring channel conductance. Fluorescence resonance energy transfer (FRET) between fluorescent protein inserts indicates that Ca 2+ binding produces structural changes of the gating ring that are much larger than those predicted by current X-ray crystal structures of isolated gating rings.
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allosteric regulation | SLO1 channel | fluorescence L arge-conductance voltage-and calcium-dependent (BK) potassium channels are characterized by both their large singlechannel conductance and their synergistic activation by Ca 2+ and membrane depolarization (1) . These channels are crucial regulators of physiological processes such as neurosecretion, neuronal firing, and smooth muscle tone (2) . In humans, defects in BK channels can cause hypertension, cancer, and epilepsy (3) (4) (5) .
BK channels at the plasma membrane are homotetramers of α-subunits, which can assemble with various accessory subunits. The α-subunits, encoded by the potassium large-conductance calcium-activated channel, subfamily M, α member 1 (KCNMA1) gene, consist of seven membrane-spanning regions (S0-S6) and a large intracellular C-terminal domain (Fig. 1A) (1) . In common with other voltage-gated channels, the voltage sensor resides within the membrane (6) , whereas Ca 2+ binds to binding sites located at a large C-terminal intracellular region where eight regulator of conductance for K + (RCK) domains form a "gating ring" (7) (8) (9) (10) (11) . Kinetic modeling of the Ca 2+ -and voltage-dependent activation of BK channels suggests that fairly complex mechanisms are required to describe channel activity (12) (13) (14) (15) (16) . Biochemical studies of isolated gating rings in vitro indicate that RCK domains undergo structural rearrangements upon Ca 2+ binding (17) . Several lines of evidence support a model in which Ca 2+ binding expands the gating ring and physically pulls open the pore helices, opening the channel gate (11, 18, 19) .
Recently, structures of gating rings isolated from eukaryotic channels have been solved (9, 10) , and in the most recent X-ray structure obtained in the presence of Ca 2+ (11) the layer formed by the four RCK1 domains of the tetramer is seen to be expanded relative to the previous structures by more than 10 Å. Because this region of the gating ring is directly linked to the channel's pore-forming helices, this expansion could be the direct link between Ca 2+ binding and the opening of the pore in BK channels. To measure directly the conformational changes between subunits at the level of the gating ring, during the activation of functional BK channels, we performed patch-clamp fluorometry (20) on membrane patches containing fluorescently labeled BK channels. These channels were selected from a library of functional YFP-or CFP-fusion proteins (21) . Simultaneous optical and electrical recording revealed large changes in fluorescence resonance energy transfer (FRET) accompanying Ca 2+ binding and channel activation.
Results
Heterotetramers containing α-subunits tagged with CFP or YFP at identical insertion positions were coexpressed in Xenopus oocytes ( Fig. 1B and Fig. S1 ). FRET signals and K + currents were recorded simultaneously from excised macropatches, while the membrane potential, and the Ca 2+ concentration at the intracellular side, were varied (Fig. S2) . The relative movement of equivalent sites in the gating-ring tetramer was estimated from changes in FRET between CFP and YFP tags, quantified as the energy transfer efficiency E calculated from emission spectral ratios (Methods and Fig. S3 ). We studied the relative movement of subunits at three different locations within the BK channel's gating ring ( Fig. 1) : the site at residue 667 (located in the linker between RCK1 and RCK2), the 860 site (RCK2 domain), and the 901 site, adjacent to the Ca 2+ binding site known as the "calcium bowl." Fig. 1 C and D illustrates approximate locations of the three sites in "resting" and "open" gating-ring structures. Two nearly identical crystal structures of gating rings from eukaryotes have been proposed to reflect the structure of the gating ring in the resting state [Protein Data Bank (PDB) ID codes 3NAF (10) and 3MT5 (9)]; meanwhile a third structure, obtained in the presence of calcium, is proposed to reflect an "open" conformation that could activate the channel [3U6N (11) ]. The 860 site is missing from these structures, so the closest resolved residues (D833 and T872) are shown as blue in Fig. 1 C and D. The 667 site is contained within a short disordered region in the long linker between RCK1 and RCK2 domains. In the Ca 2+ -free structure, the residue 666 is resolved, allowing the approximate position of the 667 insertion to be identified directly in that structure ( Fig. 1 C and D , Left, magenta residues). In the "open" structure, a longer region is unstructured, flanked by residues F609 and K684 ( Fig. 1 C and D, green residues) . Comparison of Left and Right within Fig. 1 C and D shows that, in the isolated gating ring, the insertions at 667 and 860 positions are expected to show Author contributions: P.M., F.J.S., M.H., and T.G. designed research; P.M., J.E.C., and T.G. performed research; P.M., A.J.R.P., F.J.S., M.H., and T.G. analyzed data; and P.M., J.E.C., A. J.R.P., F.J.S., M.H., and T.G. wrote the paper.
only small displacements upon Ca 2+ binding to the high-affinity Ca 2+ binding site situated at the RCK2 domain (calcium bowl; Fig. 1 C and D, orange residues). Fig. 2 A and D shows the robust potassium currents recorded in membrane patches from Xenopus oocytes expressing the heteromers of BK-667CFP and BK-667YFP, or BK-860CFP and BK-860YFP channel constructs, respectively. These heteromers are denoted BK-667CY and BK-860CY. As we previously showed (21) , insertions of fluorescent proteins at these sites have little influence on the voltage and calcium sensitivity. When the cyan fluorescent subunits of these channels were excited with 458-nm light, the acquired emission spectra showed a variable FRET signal near 530 nm corresponding to YFP fluorescence ( Fig. 2 B and E, Upper; Methods; and Fig. S3 ), whereas the pure YFP emission remained unaltered ( Fig. 2 B and E, Lower). The estimates of FRET efficiency E revealed, in the case of BK-667CY channels, substantial changes with voltage ( Fig. 2C ) and calcium (see below), and in the case of BK-860CY (Fig. 2F) We used the conductance voltage (G-V) relationship as an index of the increase in channel open probability with voltage. These G-V curves are Ca 2+ dependent, as shown in Fig. 3A for the expressed heteromers BK-860CY. As Ca 2+ was increased from 0 to 95 μM, the half-activation potential V 1/2 shifted from +137.5 to -17.3 mV (Fig. 3A, Upper) . The G-V curves could be well described by an allosteric model (16) (Fig. 3A , Upper, solid lines) with parameters as given in Table S1 . Fluorescence data were acquired simultaneously with the G-V curves and are plotted in Fig. 3A (Lower). In nominally Ca 2+ -free solutions and at low Ca 2+ concentration of 0.7 μM, the energy transfer efficiency from CFP to YFP showed a high value E = 0.54 ± 0.05 (n = 8; Fig. 3A , Lower), consistent with a distance r between neighboring fluorophores of about 60 Å. This distance estimate takes into account the presence of different combinations of CFP donors and YFP acceptors, using the value R 0 = 50 Å for the CFP-YFP pair (Methods; see Fig. S7 ; and ref. 22) .
As [Ca 2+ ] increased, the mean E value gradually decreased to reach a value of E = 0.039 ± 0.003 (n = 9) at 95 μM free Ca 2+ (Fig. 3A, Lower) . This value is consistent with the separation between chromophores being at least 90 Å (roughly 2R 0 ). It is remarkable that there is no variation of E with membrane potential up to 200 mV, at any of the studied Ca 2+ concentrations. However, Ca 2+ still caused a strong hyperpolarizing shift of the G-V curve (Fig. 3A , Upper), indistinguishable from the effect observed in wild-type channels (23, 24) .
To confirm that the observed movement of the 860 site in RCK2 is due to Ca 2+ binding, we sequentially mutated two high-affinity Ca 2+ binding sites that reside in the gating ring. First, we mutated the site known as the calcium bowl, which resides in a highly conserved region rich in aspartate residues (DQDDDDDPD) of the RCK2 domain (25) (26) (27) . The other site, situated in the RCK1 domain, can be neutralized by mutations at D362 and D367, or E535 (28, 29) . Mutation of the M513 site has been reported to affect Ca 2+ binding at the RCK1 site as well (23, 29) . We first generated the construct BK-860/5D5A by mutating the calcium bowl's five aspartates D894-898 to alanines. The ability of Ca 2+ to activate and shift gating of BK-860/5D5A/CY channels is markedly reduced relative to BK-860CY channels ( Fig. 3B , Upper; compare with Fig. 3A , Upper) even though these mutations do not disrupt the channel Ca 2+ sensitivity completely, as seen previously (5, 23, 25, 26, 28, 30) . Throughout the voltage range, E values remained at 0.61 ± 0.02 (n = 6) for low Ca 2+ concentrations; this FRET value is indistinguishable from those obtained at low Ca 2+ with BK-860CY channels (Fig. 3A , Lower, black and purple traces), suggesting that the BK-860CY and BK-860/5D5A/CY channels have a similar conformation at low intracellular Ca 2+ . However, when intracellular Ca 2+ was increased to 95 μM for BK-860/5D5A/CY, we detected a decrease in E values to 0.454 ± 0.004 (n = 3; Fig. 3B , Lower), a much smaller decrease than observed when the calcium bowl was intact (Fig. 3A, Lower) . By further disrupting the channels' Ca 2+ sensitivity with the additional M513I mutation (23, 29) (Fig. 3C , Upper), we essentially abolished all Ca 2+ -dependent changes of the FRET signals ( Fig. 3C , Lower). These results are additionally supported by experiments with construct BK-901CY, where GFP analogs were inserted at the residue 901 site, in the calcium bowl (21) . In this case, we obtained channels with altered Ca 2+ sensitivity, but we observed only small differences in FRET values at low and high Ca 2+ Fig. 1 . Localization of the fluorescent reporters in the BK gating-ring structure. (A) Topological representation of the BK α-subunit. The transmembrane region includes the voltage sensing domain (S1-S4), the pore domain (S5-S6) and an additional transmembrane helix (S0) that leads the N terminus to the extracellular side. The large cytoplasmic region consists of two RCK domains (RCK1 and RCK2). The orange asterisk indicates high-affinity Ca 2+ binding site at RCK2 (calcium bowl). Amino acid positions where the fluorescent protein sequence was inserted are shown in blue (BK-860) or in magenta (BK-667). The green asterisks indicate amino acids flanking the disordered loop containing the 667 site. The native human BK numbering (23) is given for the constructs used in this study. (B) Structures of fluorescent proteins CFP and YFP (cyan and yellow, respectively) are represented as linked at position 667 in each subunit of the Ca 2+ -free gating ring structure (3NAF) (10) . In this model, the neighboring fluorophores are 95 Å apart. Quantified RNA was injected in a 3:1 ratio into Xenopus oocytes to express most frequently the fluorescent heterotetramer 3CFP:1YCFP BK (Fig. S1) concentrations (Fig. S4) . Altogether, these results show that the Ca 2+ -induced dynamics of the gating ring are related to the channel's ability to respond to intracellular Ca 2+ concentration.
Sites at the RCK1-RCK2 Linkers Move Closer in a Ca 2+ -and VoltageDependent Manner. We next measured FRET at the 667 site situated within the RCK1-RCK2 linker domain. We applied membrane potentials from −100 to +200 mV, a range that was sufficiently broad that, at every Ca 2+ concentration studied, the channels move from fully closed to fully open states (Fig. 4A , we obtained a low FRET efficiency E = 0.063 ± 0.003 (n = 13; Fig. 4A, Lower) , independent of the membrane potential and consistent with the fluorophores at 667 sites of adjacent subunits remaining at a distance of about 90 Å apart. However, when Ca 2+ concentration was in the range of 4-55 μM, the energy transfer increased in a voltagedependent manner, indicating that depolarization increases the probability that the 667 sites are close together. At higher calcium, E again becomes voltage independent, saturating at 0.50 ± 0.01 (n = 4), consistent with fluorophores inserted at neighboring 667 sites moving together to a spacing of nearly 60 Å.
Sequential mutations to disrupt the high-affinity Ca 2+ binding sites of the BK-667 constructs were performed to explore the relationship of the observed FRET changes to Ca 2+ binding. As we observed for the BK-860 constructs, mutation of the calcium bowl (BK-667/5D5A/CY) reduced the channel's Ca 2+ sensitivity, which was reflected in a right shift of the G-V curves compared with BK-667CY channels, at all Ca 2+ concentrations (Fig. 4B, Upper) . At low Ca 2+ concentrations (0.7-12 μM), the BK-667/5D5A/CY mutant had an average voltage-independent E value of 0.15 ± 0.03 (n = (Fig. 4C, Lower) .
FRET efficiency is very sensitive to changes in the separation between fluorophores, but it can also be affected by their relative orientations (31) . Both the 667 and 860 insertion sites are in flexible loops, which could allow a range of fluorophore orientations. We performed anisotropy measurements for BK-860CY and BK-667CY channels in excised membrane patches at +80 mV and Ca 2+ concentrations of 0.7 and 95 μM to test for the mobility of the attached fluorescent proteins (32) . In all conditions tested, we obtained a similar anisotropy value of ∼0.2 (Methods), significantly lower than that of an immobile fluorophore [tetramethylrhodamine methyl ester (TMRM) in glycerol, anisotropy of 0.38; Methods]. This result is consistent with other studies showing reasonable flexibility of GFP molecules fused to other proteins, including ion channels, under physiological conditions (33, 34) . The low anisotropies support the assumption that the variations in E are mainly due to changes in distance between the fluorescent probes.
Discussion
With fluorescent-protein labels inserted in each BK subunit at either residue 860 or residue 667, there are large Ca 2+ -dependent changes in resonance energy transfer (FRET). These changes reflect large movements of the BK gating ring, in which an apparent fluorophore spacing of at least 90 Å between neighboring positions on equivalent subunits (for example, as illustrated in -dependent FRET signals from one part of the gating ring have voltage dependence and those from another do not, whereas both reporter sites show calcium dependence? A simple explanation would be that there are multiple calcium-driven conformational changes in the gating ring, some of which are sensitive to voltage (like those detected by fluorophores inserted at 667 at intermediate Ca 2+ concentrations) and some that are largely voltage independent (such as the site 860).
The very successful allosteric model of BK channel activation of Horrigan and Aldrich (15) and its extensions (16, 35, 36) (Fig. S5A) . Since channel opening is strongly voltage dependent, Ca 2+ binding to these sites will necessarily show a strong voltage dependence.
The entirely voltage-independent FRET signal from the 860 site therefore cannot arise from any of the transitions within the standard model, because all of those transitions are strongly coupled to one another. Instead, the signal must reflect a conformational change that is uncoupled from channel opening. The simplest explanation for this signal is that it comes from a conformational change in an uncharted Ca 2+ binding site that does not participate in channel activation. Alternatively, it could come from a motion of the gating ring that is uncoupled from the motions coupled to channel opening. That mutations in two putative activating Ca 2+ binding sites suppress this conformational change may reflect a general reduction in mobility of the gating ring caused by the mutations. The FRET vs. [Ca 2+ ] relationship (Fig. 2F) shows a Hill slope of 2, consistent with the idea that Ca 2+ binding in two or more sites (either within individual subunits, or in multiple subunits) must occur to produce the FRET signal from insertions at 860.
More complex is the case of the signal from the 667 site. That signal has the remarkable property that it saturates at low and high Ca 2+ concentrations, but in an intermediate range it shows voltage dependence in addition to its Ca 2+ dependence. We reasoned that a calcium binding site that changes its affinity in response to the state of the BK voltage sensors or to channel opening would be expected to show the proper combination of saturation and voltage dependence depending on Ca 2+ concentration and therefore could give rise to the FRET signal as reflected in the E-V relationship. The Ca 2+ dependence of G-V can be well described with the Sweet and Cox (16) allosteric model (Figs. 3A and 4A , Upper, solid curves), which postulates two Ca 2+ binding sites in each subunit. Nevertheless, this model cannot well describe the G-V and E-V relationships simultaneously (Fig. S5A) . The reason has to do with the strong coupling in the standard model between Ca 2+ binding events, the channel-opening transition, and activation of the voltage sensors. The strong coupling means that it is impossible to have a substantially different voltage dependence for one equilibrium in the model than for another. Consider the E-V relationship at 4 μM (Fig. 4A , Lower, blue curve). Its midpoint voltage is +120 mV, whereas the corresponding midpoint voltage of channel opening is +70 mV. We could not find a way to adapt the standard model to describe these differing voltage dependences. We explored a large number of modifications of the standard model with various sources for the FRET signal (it might arise directly from Ca 2+ binding events, or from conformational changes) and tried interposing new transitions into the pathway between Ca 2+ binding and channel activation, or between Ca 2+ binding and voltage sensor activation. Most models failed to describe the data, or mandated assumptions inconsistent with previous experimental data. An example (Fig. S5B ) would be the introduction of an additional voltage-dependent transition to the voltage sensor, similar to that observed in other potassium channels (37) . This modification appears to be inconsistent with BK channel gating currents, because Q-V curves are not biphasic (15, 38) . Further work will be required to unify the descriptions of the optical and electrical data in a single activation mechanism. So far, we conclude that, to explain simultaneously the movement of the gating ring and the channel gating, the standard model would have to be extended by including additional Ca 2+ binding sites, or additional voltage dependences, or by relaxing the assumption of linearly additive energies of interaction in the allosteric scheme. Table S1 . Data points and error bars represent average ± SEM (n = 3-13). Table S1 . Data points and error bars represent average ± SEM (n = 3-13).
What structural change could account for the very large FRET changes, which correspond to remarkable changes in spacing of the fluorophores between at least 90 Å and nearly 60 Å? When [Ca 2+ ] increases, the 667 site regions located at the four linkers between RCK1 and RCK2 domains move closer to each other, whereas the 860 site regions at the RCK2 domains move apart, suggesting a rotation. Elaboration of a precise structural model is not feasible because the loop containing residue 860 is not resolved in crystal structures of the BK gating ring (9-11) . Therefore, the position of fluorescent proteins inserted at 860 cannot readily be related to our FRET results. In contrast, the fluorophores inserted at position 667 can be placed without much ambiguity, allowing us to map dynamic information about their movements during gating onto the existing static structural data. We sought to obtain a qualitative explanation for the FRET signal in BK667CY by searching a collection of 1,000 randomly generated rigid-body rotations of individual subunits within the gating ring. We looked for rotation axes and angles that could explain the distance changes while avoiding clashes (Methods). Large rotations gave on average more overlaps (Fig. S6) , but 585 of the 1,000 random rotations yielded <1% of the atoms overlapping. However, only a few rotations yielded models with < 1% overlapping atoms, more than 5 Å net outward movement of the S6 linker and, simultaneously, the approach of neighboring 667 positions by more than 20 Å (Fig. S6) . Examining intersubunit clashes at 1°intervals for a selection of these rotation axes revealed that most had implausible steric clashes along the rotation path, but an example model that had only minor clashes (Fig. S6) is shown in Fig. 5 . This model, which is generated by a 30°rotation of each subunit, brings the fluorophores at 667 closer together by 40 Å, to their closest possible position, moves the S6 linker outward by 5 Å, and would tend to separate the insertions at 860 (Fig. S6) , also displacing the calcium bowl from its intersubunit location. Of course, other motions are possible, of which intrasubunit conformational changes seem to us the most likely, but this analysis demonstrates the extent of the movements that are required to describe our data.
In summary, we have demonstrated in intact BK channels that there are remarkably large rearrangements of the gating ring upon Ca 2+ binding, much larger than the rearrangements predicted by existing X-ray structures of the isolated gating ring. From the kinetic perspective, these rearrangements are puzzling because they do not have a simple relationship to the openclosed transition of the ion channel, and thus motivate the development of new models of BK channel activation. Using the existing structural data, the movement can be explained qualitatively by rotation of the individual subunits.
Methods
Molecular Biology and Heterologous Expression of BK Constructs. Human BKα (GenBank accession number U11058) fluorescent constructs BK-667, BK-860, and BK-901 were selected from a library of functional BK fluorescent proteins obtained previously (21) and expressed in Xenopus laevis oocytes. CFP-and YFP-fusion construct RNAs were combined (3:1 ratio) to enrich the channel population in 3CFP:1YFP labeled tetramers (Fig. S1) . Mutagenesis, RNA transcription, and cell transfection were performed using standard procedures. were exchanged using a fast solution-exchange perfusion system (BioLogic). To generate the conductance-voltage (G-V ) curves, current amplitudes were extrapolated after fitting exponential functions to the decaying tail currents and normalized to the maximum extrapolated tail current. Excitation sources for CFP and YFP (458 and 488 nm, respectively) originated from an argon laser (Spectra-Physics). Emission light from the patch was delimited with a slit and scattered by the spectrograph's diffraction grating (Spectra-Physics) onto a CCD camera (Princeton Instruments). This allowed recording the emission spectrum of the patch in a single image of 250-ms exposure time, during every depolarizing pulse (Fig. S2) . Analysis was performed using emission spectra ratios RatioA and RatioA 0 ( In our experiments, the majority of the FRET signal originates from heteromers formed by three CFP donors for each YFP acceptor, and additionally from two donors for two acceptors (Fig. S1 ). To a very good approximation (Fig. S7 ), E depends on the distance r between neighboring fluorophores according to the following:
where the Förster distance R 0 for the CFP-YFP pair was taken to be 50 Å, and the absence of orientational constraints on the fluorophores was assumed.
Anisotropy Measurements. To test for orientational constraints, anisotropy was measured on inside-out membrane patches containing fluorescently labeled channels as described elsewhere (34, 40 ). An excitation polarizer was placed in front of the excitation filter, and two emission polarizers were positioned directly below the emission filter, one in a parallel (jj) and the other in a perpendicular (⊥) orientation. We calculated the steady-state anisotropy A with the equation A = (I jj -GI ⊥ )/(I jj + 2GI ⊥ ). To determine the intrinsic polarization properties of the optical system, we measured the anisotropy of TMRM (Invitrogen) dissolved in glycerol (32) . In our system, the value obtained for TMRM anisotropy was exactly 0.38 as previously described (32), so we used a G factor of 1 to calibrate channel anisotropy values. Measured values were as follows: BK-667: 0.19 ± 0.04; n = 3 at 0.7 μM Ca (Table S1 ). Additional modeling used in this study is described in Fig. S5 .
Generation of a Structural Model for the FRET Signal. Each of the four individual subunits in the BK channel gating ring (from the Ca 2+ -free "resting" structure 3NAF) was treated as a rigid body and rotated by a random extent (5-40°) around a randomly chosen axis. The equivalent rotation was applied to each of the subunits to maintain fourfold symmetry, and an ensemble of 1,000 random rotations was accumulated. We evaluated the interfluorophore distances and the position of the S6 linker, as well as the intermolecular clashes that resulted from each rotation. Intermolecular clashes (between the protomers of the gating ring) that were introduced by the rotations were assessed with the program NCONT [from the CCP4 Suite (41) ]. The count of atom clashes (separation of less than 2.2 Å) was taken as an index of overlap.
